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BETA CONTROL USING A RAPID THERMAL
OXIDATION

REFERENCE TO RELATED APPLICATION

This is a division of application Ser. No. 10/953,912, filed
Sep. 4, 2003, now Patent (Number not yet assigned) which is
a continuation of application Ser. No. 09/165,946, filed Oct.
2, 1998, now abandoned. The entire content of each prior
application is specifically incorporated by reference and for

all purposes.
FIELD OF THE INVENTION

The present invention relates to methods for forming semi-
conductor devices including structures for controlling char-
acteristics of current in the semiconductor devices. The
present invention also relates to semiconductor devices that
include the structures. In particular, the present invention
relates to CMOS devices. More particularly, the present
invention relates to bipolar transistors.

BACKGROUND OF THE INVENTION

As described above, the present invention particularly
relates to bipolar transistors. FIG. 1 illustrates an example of
a NPN bipolar transistor. The transistor illustrated in FIG. 1
includes a contact 1. The contact 1 may be made of a semi-
conductor material, such as polycrystalline silicon.

The contact 1 is formed over a region of a substrate 3 at a
location where an emitter 5 of the transistor has been formed.
A layer 7 of a dielectric material may be arranged on the
substrate between the emitter 5 and the contact 1. Often, the
dielectric material of the layer 7 is an oxide.

Below emitter 5 lies the base region 9 of the transistor.
Below region 9 lies collector 11. FIG. 1 also illustrates the
doping and flow of current within an NPN bipolar transistor.

Under normal bias conditions, or forward active mode, the
emitter-base (E-B) junction is forward biased, 5 and 9 in FIG.
1, and the collector base junction, 11 and 9 in FIG. 1. is
reversed biased. Electrons are ejected from the emitter into
the base. Then, the electrons diffuse across the base region
where they are swept across the reverse biased C-B junction
into the collector. The collector current I . is associated with
the flows of electrons from the emitter. On the other hand, the
base current I is a function of the holes ejected from the base
region. The holes can either recombine in the emitter or flow
into the emitter contact region 1, which is usually highly
doped polycrystalline silicon.

The current again, Beta, may be described by the relation-
ship between the collector current and base current. Beta is
defined as (collector current)/(base current). In other words,
beta equals 1/I;. Generally, the desired value of Beta is 100.

Resistance created by dielectric material of region 7 may
affect the base current, as shown in FIG. 2. Along these lines,
as the resistance created by the region between the contact 1
and the emitter 5 increases, base current decreases and, thus,
Beta increases. In contrast, if the resistance of region 7 is low,
the resulting base current is high and, thus, Beta is low.

Controlling the dielectric thickness in region 7 for abipolar
transistor is critical to controlling the current gain, Beta.
When the dielectric material of region 7 is silicon oxide or
dioxide, then the oxide may be created by exposing the sur-
face of substrate 3 to an oxidizing environment. However, in
some apparatuses utilized in forming transistors such as the
transistor illustrated in FIGS. 1 and 2, the thickness of the
deposited oxide may be difficult to control.
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Typically, two processes have been used for depositing
polycrystalline (polysilicon) on the emitter Si in the past.
According to the first process, a horizontal CVD polysilicon
deposition tube has been used extensively. The polysilicon is
deposited on the single crystalline Si emitter after the single
crystalline Si has been precleaned. In this case, the only
oxidation that occurs in region 7 in the transistor illustrated in
FIGS. 1 and 2 is that which occurs as the wafers enter the
horizontal CVD tube. In this case, residual oxygen trapped in
the system when the wafers are loaded may react with the
emitter Si at insert temperatures of approximately 625° C. It
has been found that very little oxidation of the emitter Si
occurs in this instance. The resulting polysilicon is deposited
on a Si surface with essentially native oxide.

Region 7 in this case has a very low resistance and, thus,
Beta is low at approximately 50-60. Because the interfacial
oxidation is essentially uncontrolled, Beta is found to be
highly variable from lot to lot using the horizontal polysilicon
deposition process.

In the second type of known process used, the polysilicon
layer over the emitter may be deposited using a vertical
chemical vapor deposition (CVD) polysilicon deposition
tube in which the Si region of the emitter may be oxidized in
situ, typically after an initial wet preclean. In this case, a batch
of'wafers may be loaded into the furnace, the chamber evacu-
ated and then a mixture of an inert gas and oxygen may be
leaked into the chamber at temperatures of approximately
600° C. Inthis case, Beta can be setto 100. However, different
technologies of Bipolar transistors typically require different
levels of interfacial oxide and, thus, need to be run separately.
Also, variation of the level of oxidation across a batch of
wafers can occur. In addition, the typical cost issues associ-
ated with batch versus single wafer processing are encoun-
tered.

SUMMARY OF THE INVENTION

In producing a solution to the above and other problems, at
least some objects and advantages of the present invention
provide a method of forming semiconductor device. Accord-
ing to the method, a surface of a substrate is treated to produce
a discontinuous growth of a material on the surface through
rapid thermal oxidation of the substrate surface at a tempera-
ture of less than about 700° C.

According to other aspects, the present invention provides
a method of forming a semiconductor device. A layer of an
electrically insulating material is formed between a substrate
of monocrystalline semiconductor and a layer of polycrystal-
line semiconductor wherein the thickness of the oxide layer
results in a common current gain of about 100 in an emitter of
a bipolar transistor formed in the substrate.

Additional aspects of the present invention provide a
method of forming a semiconductor device. The method
includes forming a layer of an electrically insulting material
between a substrate of monocrystalline semiconductor and a
layer of polycrystalline semiconductor, wherein the oxide
layer has a thickness of about 1-5 A of grown oxide in addi-
tion to native oxide.

Still other objects and advantages of the present invention
will become readily apparent by those skilled in the art from
the following detailed description, wherein it is shown and
described only the preferred embodiments of the invention,
simply by way of illustration of the best mode contemplated
of carrying out the invention. As will be realized, the inven-
tion is capable of other and different embodiments, and its
several details are capable of modifications in various obvious
respects, without departing from the invention. Accordingly,
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the drawings and description are to be regarded as illustrative
in nature and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned objects and advantages of the
present invention will be more clearly understood when con-
sidered in conjunction with the accompanying drawings, in
which:

FIG. 1 represents a cross-sectional view of a NPN bipolar
transistor;

FIG. 2 represents a combined schematic and cross-sec-
tional view of the embodiment of the transistor illustrated in
FIG. 1,

FIG. 3 represents a graph illustrating a relationship
between thickness of an oxide layer formed according to an
embodiment of a rapid thermal oxidation process according
to the present invention with respect to temperature that the
rapid thermal oxidation is carried out at;

FIG. 4 represents a graph illustrating one example of a
relationship between the beta quantity of a transistor with
respect to temperature that a rapid thermal oxidation process
according to the present invention is carried out at;

FIG. 5 represents a cross-sectional view of an embodiment
of'a polycrystalline silicon/monocrystalline silicon interface;

FIG. 6 represents a cross-sectional view of another
embodiment of a polycrystalline silicon/monocrystalline sili-
con interface; and

FIG. 7 represents a cross-sectional view of an additional
embodiment of a polycrystalline silicon/monocrystalline sili-
con interface.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a solution to the above
problems by providing a process to control deposition of
region 7 in a structure such as the transistor illustrated in
FIGS. 1 and 2. The processes and resulting structures may
also be utilized in other applications. It just happens that the
process of the invention is particularly useful in transistors
such as those shown in FIGS. 1 and 2.

By controlling the composition and physical characteris-
tics of region 7, it follows that the present invention permits
control of the value of beta in the resulting structure. The
present invention accomplishes these and other objects by
providing a process for creating a region of the material to
form regions 7 in the structure illustrated in FIGS. 1 and 2.

According to one embodiment, the present invention pro-
vides a rapid thermal oxidation (RTO) process. The rapid
thermal oxidation process is utilized to form a layer of oxide
on the surface of the emitter 5 illustrated in FIGS. 1 and 2. The
rapid thermal oxidation may be controlled to create oxide on
at least of a portion of the emitter. In other words, it is neces-
sary that the oxide cover the entire emitter area. One factor
that may control the thickness of the oxide as well as the
percentage of the emitter covered by the oxide is the desired
value of beta, which as stated above may be affected by the
thickness of the oxide layer.

Among the variables that may be controlled in the rapid
thermal oxidation process are temperature and time. Accord-
ing to one embodiment, the rapid thermal oxidation process is
carried out at about 500° C. The rapid thermal oxidation
process may be carried out for about 5 seconds. An embodi-
ment of a process according to the present invention included
rapid thermal oxidation carried out at about 500° C. for about
5 seconds resulted in formation of an oxide layer having a
thickness of about 6 A. This oxide thickness includes about 4
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A of native oxide plus about 2 A of oxide formed by the rapid
thermal oxidation process. The resulting structure has a beta
value of about 100. Without this process, the interface oxide
was not well controlled and the resulting Beta value was at the
low end of the process specification at a value of 60.

As referred to above, the silicon dioxide or oxide thickness
described herein are defined as oxide that is thermally grown
plus the native oxide already present on the wafer. For
instance, after a preclean, a monocrystalline Si surface may
include 5 A of native oxide as measured with an ellipsometer
commonly used for semiconductor manufacturing. After sub-
jecting this wafer to the rapid thermal oxidation process
described herein, the oxide may measure 7 A. In this case, the
oxide thickness is defined as a thermally grown oxide of 2 A
in addition to or plus (+) native oxide of 5 A.

According to one example of the present invention, prior to
deposition of the emitter polysilicon in bipolar transistor pro-
cessing, the emitter monocrystalline silicon surface may be
precleaned with some type of HF chemistry. Such chemistry
is well know to those of ordinary skill in the art and, therefore,
is not discussed further here. One of ordinary skill in the art
could determine appropriate treatment including HF to utilize
without undue experimentation.

All oxides may be removed from the surface of a monoc-
rystalline silicon substrate such that only native oxide due to
exposure of the silicon to the atmosphere remains on the
silicon. At this time, typically, an oxide is grown on the
surface of the monocrystalline silicon using a rapid thermal
oxidation (RTO) process according to the present invention as
described herein. The present invention typically results in
the growth of about 1 A to about 5 A of thermal oxide. This
level of thermal oxide is in addition to the native oxide present
prior to the RTO process. The oxide level may be measured
with an ellipsometer commonly used in semiconductor pro-
cessing. Therefore, if there is approximately 8 A of native
oxide prior to the RTO process, the measured thickness may
be about 9 A to about 13 A post RTO. After the process of the
present invention, polysilicon may then deposited in a CVD
reaction without any additional oxidation of the Si surface.

FIG. 3 illustrates a relationship between thickness of the
oxide layer between the emitter and the contact with respect
to the temperature that the rapid thermal oxidation is carried
out at. As can be seen in FI1G. 3, the total oxide as well as the
oxide grown by the rapid thermal oxidation process both
increase as the temperature that the rapid thermal oxidation is
carried out at increases.

FIG. 4 represents a graph that illustrates a relationship
between the beta value and the temperature that the rapid
thermal oxidation is carried out. Since, as illustrated in F1G. 3,
oxide thickness increases as temperature increases, it follows
that beta will increase as the temperature that the rapid ther-
mal oxidation is carried out at increases. This results because
the base current decreases due to the increased interfacial
oxide.

Controlling the silicon dioxide or oxide thickness in region
7 for a bipolar transistor is critical to controlling the current
gain. If the interfacial oxide thickness of region 7 exceeds a
thermally grown oxide thickness of up to approximately 5 A
plus native oxide, the base current will be low and the result-
ing Beta will be greater than about 150. However, if the
interfacial oxide is in the range of 1-5 A plus native oxide then
Beta will be in the range of about 100. Low values of Beta will
result when the interfacial oxide is low at the level of native
oxide only.

When polysilicon is deposited on the surface of the monoc-
rystalline silicon substrate with different levels of thermally
grown oxide as described above, the structures illustrated in
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FIGS. 5-7 may result. FIG. 5 shows a situation where poly-
silicon is deposited on a silicon surface with little oxide other
than native oxide between the polysilicon and the monocrys-
talline silicon. The polysilicon seeds on the monocrystalline
silicon base and the resulting polysilicon structure may
include a significant level of epitaxially grown silicon but
with many defects. In this case, the interfacial resistance is
low and Beta will thus be low since the structure can result in
high base current.

On the other hand, when the interfacial oxide is present in
range of less than about 5 A of thermally grown oxide plus
native oxide, the structure illustrated in FIG. 6 results. In this
case, the interfacial oxide 19 is not continuous. Where poly-
silicon is deposited over thin oxide, a normal polysilicon
structure may result. Over the porous areas of the oxide film,
the deposited silicon may be epitaxial silicon 17. In this area,
there is low resistance. Because the film is discontinuous but
uniform, the interface typically is very good for controlling
the base current and, thus, Beta. The extreme ideal for con-
trolling the base current and thus Beta. FIG. 6 depicts the
discontinuous interfacial oxide as a plurality of “islands™ of
oxide, 19, separated by regions 17 of epitaxial silicon.

FIG. 7 illustrates an extreme case, where polysilicon is
deposited on a monocrystalline silicon surface with a con-
tinuous oxide. In the structure shown in FIG. 7, the resulting
film is entirely polysilicon with higher resistance than those
described above. Thus, this structure results in high Beta.

A rapid thermal oxidation process according to the present
invention may be carried out in a rapid thermal processor.
Rapid thermal processors devices that can heat substrates
rapidly to a target temperature or temperatures, maintain the
substrates at the target temperature(s), and cool the substrates
rapidly from the target temperature(s). These devices are
often used in semiconductor manufacturing where wafers are
placed through thermal processes. A rapid thermal processor
can heat wafers at rates of about 5° C. to about 400° C./sec,
with about 30° C./sec being typical. These processors can
cool wafers at rates of about 5° C. to about 100° C./sec, with
about 30° C./sec being typical.

Typically, rapid thermal processors are single wafer pro-
cessors. In other words, they do not process batches of sub-
strates or wafers simultaneously. Instead, they process one
wafer at a time through a prescribed thermal cycle. Because of
this, the chamber of a rapid thermal processor typically is
small, especially in comparison to the size of the chambers of
used in conventional furnace hot processing.

Additionally, rapid thermal processing systems typically
are closed systems, with control of gas delivery and exhaust.
Therefore, during processing, gas concentrations may easily
be controlled. For example, oxygen concentration may be
controlled during processing at levels of from about 100%
pure O, down to about 10 ppm O,.

According to the process of the present invention, a layer of
SiO, or other oxide layer may be formed over the monocrys-
talline semiconductor. The oxide layer may be described as a
monolayer or less. Less than amonolayer indicates that not all
of the surface of the monocrystalline semiconductor is cov-
ered with oxide. Less than a monolayer indicates the layer is
discontinuous. FIG. 6 illustrates the discontinuous layer of
the present invention. FIG. 6 depicts the oxide layer as com-
prising a plurality of isolated regions 19. These isolated
regions 19 may be termed “islands.”

One significant advantage of the present invention is that it
can produce a very repeatable oxide layer. In other words, the
coverage and thickness of the oxide on the surface of the
monocrystalline semiconductor are very repeatable accord-
ing to the present invention.
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As described above, the thickness of oxide created by the
rapid thermal oxidation according to the present invention
may vary depending upon the temperature, time, pressure,
and/or oxygen concentration at which the rapid thermal oxi-
dation is carried out. Increasing the temperature, time, pres-
sure, or oxygen concentration will have the effect of increas-
ing the thickness of oxide grown. Several different
temperature ranges may be included in various embodiments
of the present invention. For example, the invention may be
carried out at a temperature less than about 700° C.

Selecting the target temperature of the rapid thermal pro-
cess at least partially determines the thickness of the oxide
layer grown. The specific electrical needs of a particular
semiconductor device will determine what thickness of oxide
is required. Depending upon the desired electrical character-
istics of the devices being created, an extended range of
temperatures may be used. Rapid thermal processes within
the temperature ranges described herein can result in any-
where from complete coverage of the monocrystalline semi-
conductor to partial coverage of the monocrystalline semi-
conductor.

According to one embodiment of the present invention, a
device may perform optimally with rapid thermal oxidation at
atemperature of about 450° C. Another device may require a
rapid thermal oxidation at a temperature of about 475° C. A
typical range for rapid thermal oxidation processing accord-
ing to the present invention is about 450° C. to about 500° C.
However, processing at less than about 450° C. may result
obtaining lower beta values. Processing above about 500° C.
may permit higher beta values to be obtained.

When temperature in the vicinity of about 700° C. are
utilized, the resulting oxide layer may have a thickness of
about 5 A to about 10 A. Alternatively, though reductions in
time, pressure, or oxygen concentration, the oxide thickness
may be no greater in thickness than about 5 A. Alternatively,
the oxide layer may have a thickness of about 2 A to about 4
A or from about 2 A to about 3 A when utilizing lower
temperature processes. The specific thickness of oxide cre-
ated may be determined by the rapid thermal oxidation pro-
cess used, including manipulating the variables discussed
herein.

As stated above, when a subsequent polycrystalline and/or
amorphous semiconductor layer is deposited upon the semi-
conductor substrate, there is a tendency for the initial atoms of
that added semiconductor layer to bond to the substrate with
the monocrystalline pattern or orientation of the substrate.
This is commonly referred to as epitaxial growth. The layer
created by the present invention may provide a layer that
reduces the tendency of that added semiconductor to deposit
or grow epitaxially, or with the monocrystalline pattern of the
substrate.

In the past, the problem of formation of single crystal
semiconductor or monocrystalline semiconductor from poly-
crystalline and/or amorphous semiconductor was solved by
oxidizing the surface of the monocrystalline semiconductor
by bleeding O, gas or air in the polycrystalline semiconductor
low-pressure chemical vapor deposition furnace. However,
this known method does not produce reliably repeatable
results. Additionally, an O, or air bleed in a furnace does not
permit all wafers to receive the same oxide monolayer or
fractional oxide layer. Furthermore, the O, or air bleed typi-
cally results in a reduced number of fractional wafers in the
furnace load. Also, in furnace processing with the air or O,
bleed, processing each wafer to with its own specific process
is not possible. In the single wafer rapid thermal oxidation
process, each wafer or lot of wafers may receive a different
rapid thermal oxidation process, if wafer in a batch or lot of
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wafers may receive a different rapid thermal oxidation pro-
cess, if desired, allowing wafers to intentionally, and control-
lably reach a range of performance values.

As stated above, processes according to the present inven-
tion may be utilized in a variety of applications in addition to
the transistor illustrated in FIGS. 2 and 3. For example, the
rapid thermal oxidation process according to the present
invention may be utilized in processes that include trench
formation in semiconductor wafers. The discontinuous oxide
layer may also be deposited on a DRAM trench side wall. In
fact, the present invention may be utilized in any application
where polycrystalline and/or a amorphous semiconductor is
deposited on monocrystalline semiconductor. Particularly,
the present invention is useful where dislocations result from
formation of single crystal semiconductor from polycrystal-
line and/or amorphous semiconductor.

Rather than an oxide layer, the layer between the monoc-
rystalline semiconductor and polycrystalline and/or a amor-
phous semiconductor may be more broadly described as an
electrically insulating material. The electric insulating mate-
rial could be an oxide. However, it could also be a nitride
and/or a nitridized oxide.

The present invention also includes semiconductor devices
including a region of monocrystalline semiconductor and a
region of polycrystalline semiconductor. A layer of a material
is arranged between the region of monocrystalline semicon-
ductor and polycrystalline semiconductor. The layer may be
discontinuous. The layer between the monocrystalline semi-
conductor and monocrystalline semiconductor may include
at least one of an oxide, a nitride, and a nitridized oxide. The
layer may be formed by the rapid thermal oxidation process
described above. If the layer includes a nitride and/or if the
oxide s at least partially nitridized, the process may be altered
to include steps to introduce nitrogen into the layer.

The foregoing description of the invention illustrates and
describes the present invention. Additionally, the disclosure
shows and describes only the preferred embodiments of the
invention, but as aforementioned, it is to be understood that
the invention is capable of use in various other combinations,
modifications, and environments and is capable of changes or
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modifications within the scope of the inventive concept as
expressed herein, commensurate with the above teachings,
and/or the skill or knowledge of the relevant art. The embodi-
ments described hereinabove are further intended to explain
best modes known of practicing the invention and to enable
others skilled in the art to utilize the invention in such, or
other, embodiments and with the various modifications
required by the particular applications or uses of the inven-
tion. Accordingly, the description is not intended to limit the
invention to the form disclosed herein. Also, it is intended that
the appended claims be construed to include alternative
embodiments.

We claim:

1. A semiconductor device, comprising:

a monocrystalline semiconductor substrate;

a discontinuous layer arranged on the substrate; and

polycrystalline semiconductor arranged on the discontinu-

ous layer,

wherein the discontinuous layer is in the form of a plurality

of islands of oxide, separated by regions of epitaxial
silicon,

wherein the discontinuous layer has a thickness that results

in a common current gain of about 100 in an emitter of a
bipolar transistor formed in the substrate.

2. The semiconductor device according to claim 1, wherein
the discontinuous layer has a thickness of about 5 A to about
10 A.

3. The semiconductor device according to claim 1, wherein
the discontinuous layer has a thickness of no greater than
about 5 A.

4. The semiconductor device according to claim 1, wherein
the discontinuous layer has a thickness of about 2 A to about
4A.

5. The semiconductor device according to claim 1, wherein
the discontinuous layer has a thickness of about 2 A to about
3A

6. The semiconductor device according to claim 1, wherein
the discontinuous layer is arranged at an emitter interface
prior to deposition of a non-monocrystalline semiconductor.
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